Role of mechanical loads in inducing in-cycle tensile stress in thermally grown oxide Rene Diaz, 1 Melan Jansz, 1 Mitra Mossaddad, 1 Seetha Raghavan, 1,a) John Okasinski, 2 Jonathan Almer, 2 Hugo Pelaez-Perez, 3 and Peter Imbrie Experimental in situ synchrotron x-ray diffraction results tracking the strain behavior of the various layers during a cycle, under thermo-mechanical conditions are presented in this work. The quantitative strain measurements here show that the thermally grown oxide briefly experiences in-plane tensile stress (r 22 ¼ þ36:4 MPa) with increased mechanical loading during ramp-up in the thermal cycle. These findings are the first in situ experimental observations of these strains under thermo-mechanical conditions, envisaged to serve as a catalyst for crack initiation. The depth resolved measurements of strain taken during applied thermal and mechanical load in this work are a significant step towards achieving realistic testing conditions. Thermal barrier coatings (TBCs) on high temperature components allow for increased operating surface temperatures leading to efficiency in turbines. Substantial progress in the understanding of TBCs point to the significant stress gradients and high compressive strains in the thermally grown oxide (TGO) as factors leading to failure of the coatings. [1] [2] [3] [4] [5] [6] [7] Studies of thermo-mechanical fatigue (TMF) in turbine blades have, in some cases, included the effects of coatings on the blade life model. [11] [12] [13] [14] Conversely, however, in microstructural TBC research, only a limited number of studies attempt to include factors such as the axial loading due to centrifugal forces 8, 9, 15, 16 and effects of axial stress in the substrate 17 on TBC degradation. In these ex-situ studies, cracks found to initiate at the bond coat/TGO interface were attributed to possible high in-cycle tensile strains in the TGO that occur with mechanical loads. 8 More commonly, high compressive strains in the TGO have been attributed to thermal expansion mismatch between the different materials that make up the TBC layers and have been related to life fraction. [18] [19] [20] It has been suggested that the often neglected axial loads applied at high temperature in a thermomechanical fatigue load cycle may overcome the intrinsic compressive TGO stress at some point within the cycle to result in crack initiation and degradation. 9, 16 This is best monitored through in situ measurements within the thermal cycle. Recognizing the need to track oxide growth and behavior through in situ studies, Veal et al.
7 obtained x-ray diffraction (XRD) readings from oxide formation on an FeCrAlY substrate during a cycle. Notwithstanding the absence of the interplay of the topcoat strain from the multilayer TBC configuration, these pioneering studies verify tensile strains in the early oxide as it transitions to a-alumina, illustrating the significance of in situ measurements.
Besides their significant potential for high resolution in situ measurements, x-ray diffraction methods at synchrotron facilities have been used on TBC specimens for studies involving the depth profile of strain on pre-cycled plasmasprayed TBC specimens [21] [22] [23] revealing the variation of the strain across the layers. In the work presented here, a combination of depth resolved XRD readings across the TBC layers taken during a thermal cycle has led to the elucidation of the role of applied mechanical loads on the strain evolution as illustrated in Fig. 1 .
The TBC samples used in the experiments performed for this work were electron beam physical vapor deposition (EB-PVD) coated specimens prepared from one inch diameter CMSX-4 Ni-base super-alloy discs with a platinummodified nickel-aluminide bond coat (50 lm) and 7 weight percent Yttria-stabilized zirconia (7YSZ, 125 lm). Sample specimens were machined to ASTM standard E 8/E 8M. 29 The experiments were performed at the 1-ID beam line at the Advanced Photon Source (APS) at Argonne National Laboratory. High energy x-rays of 86 keV were used to obtain depth-resolved high resolution strain measurements in short data collection times. Figure 2 (a) illustrates a schematic of the experimental setup where an MTS 858 electromechanical testing system on an XYZ stage provided the necessary sample motion and orientation, an infra-red furnace provided the high temperature environment, and a 2D XRD detector with a resolution of 2048 pixels Â 2048 pixels was used to collect the data of the diffraction rings. The sample was mounted as illustrated in Figure 2 (b) in the load frame using pins and the temperature monitored using thermocouples. Depth-resolved data was collected for applied stress values of 16 MPa, 32 MPa, and 64 MPa. Using the XYZ stage of the MTS machine, data could be collected with a 40 lm width depth resolution across the layers and interfaces along the S 1 axis. The dimensions of the x-ray beam were 40 lm by 30 lm as illustrated in Figure 1 Considering the co-ordinate system presented in Figure 2 (a), the layers of the coating system are oriented along the S 1 axis on the nickel super-alloy substrate and the path of the xray beam was along the S 3 axis.
For each time step in the thermal cycle, approximately 10 data points were collected and this was repeated for all three (16 MPa, 32 MPa, and 64 MPa) different loading conditions. Example diffraction patterns collected for the different layers in a cycle for a thermo-mechanical loading condition are shown in Figure 2 (c). These diffraction rings were studied first to identify the peaks as illustrated in Figure 3 (c). These recognized peaks were then analyzed to obtain the biaxial strain plots and Figures 3(a) and 3(b) illustrates these plots for the TGO (a-alumina) verified using two different crystallographic planes. The biaxial strain plots were used to determine the strain values shown in Figure 4 with a typical error range indicated on the example data in the plots of Figures 3(a) and 3(b) .
Strain values for each of the load conditions over the various layers are shown in Fig. 4 at three consecutive temperature points within the thermal cycle. At room temperature, the magnitude of the TGO stresses fall within the range of measured values by other researchers 18 with minimal variations between the different applied mechanical stresses. At the ramp-up temperature, for an applied mechanical stress of 16 MPa, the TGO strain remains in the compressive region while experiencing a state of strain relief. This strain relief in the TGO is more pronounced at the higher applied stress of 32 MPa. With an applied stress of 64 MPa, for the ramp-up position, tensile in-plane strain was observed corresponding to an equivalent stress of r 22 ¼ þ36:4 MPa. This significant finding is accompanied by quantitative depth-resolved values of strain, within the neighboring topcoat and bondcoat layers as it evolves during the thermo-mechanical cycle. The in situ nature of the experiment played an important part in capturing the TGO tensile strain during the high temperature or ramp-up point within the cycle. This is an important step towards achieving conditions and outcomes that represent, more closely, the in-service behavior of TBC systems. The significance of these first measurements of thermo- Ex-situ characterization of TBCs represents the observation, through microscopy, of the sum of a multitude of effects 24 some of which the in situ results presented here can offer reasoning towards. The in-plane tensile strain within the TGO layer presented in Figure 1 is a response previously suggested by Tzimas et al.
8 from ex-situ microstructural comparisons of samples with high and low applied mechanical loads. Whereas low mechanical strain was linked with delamination failure, high applied loads were associated with tensile strain induced bond coat cracking in a direction perpendicular to the loading. Our in-cycle strain evolution results insinuate that, with high applied mechanical loading, cracks may initiate within the TGO during the tensile strain condition at high temperature point 2. This will eventually lead to propagation within the bond coat at high temperature point 3 and onward in the cycle where the TGO strain returns to a compressive state and tensile strain dominates in the bond coat. This strain behavior between the TGO and bond coat illustrated in Figure 1 has been observed in the ex-situ synchrotron study by Thornton et al. where it was demonstrated that residual stresses in the TBC coating must be balanced by opposing stresses in the bond coat and substrate. 21 The effect of mechanical loading was also seen in the ex-situ microscopy studies by Bartsch et al.
9,16 on a TBC system subjected to thermal gradient mechanical fatigue testing where cracks initiated in the TGO, perpendicular to the applied mechanical load, were attributed to possible in-cycle tensile strains and they gradually grew into the neighboring layers. In-phase thermo-mechanical tests performed by Kitazawa et al. 25 showed a similar failure mechanism highlighting the effect of mechanical loads on the coating life.
Numerical simulations have the benefit of providing incycle and quantitative results through the depth although their accuracy is reliant on some form of validation. Simulations under thermal gradients carried out by Bartsch et al. 9, 10, 16 show that, at high temperature, an imposed axial stress of 100 MPa results in a strain relief of about 392 MPa in the TGO. This rate of strain relief at high temperature is comparable to our measurements of approximately 3.2 MPa per unit applied axial stress. These findings were reiterated by the TBC simulation models of Tzimas et al. 8 showing strain relief at maximum applied stress which results in a tensile TGO value at the concave interfaces of the modeled interface roughness.
The origin of the tensile strains is best described as the effect of applied mechanical loads overcoming the inherent compressive strains within the TGO. Studies 16 have shown tensile stresses present in the TGO are time and temperature dependent which are non-linearly coupled. Factors such as the TGO growth stresses, TGO structure, and loading sequence contribute towards the overall TGO stresses. Of significance here is the ability to correlate these measured incycle strains to the time within the cycle at which they occur. In situ measurements bring with them the benefit of tracking such time-dependent events. In this case, the ramp-up point, has been identified as a critical point within the cycle for initiation of through-thickness cracks. This reiterates the view that there is a significant influence of the thermal cycle conditions including heating rates on the coating life. 26 The effect of mechanical loads on in-cycle strain range observed here, provides an insight into the long term effects in terms of reduced coating life. This is supported by findings from cyclic strain studies through damage evaluation. 27, 28 The quantitative in-cycle strain range measurements of the TGO achieved in this work, when taken at various life fractions can be integrated with current models to improve life prediction.
In summary, increasing applied mechanical load induces strain relief at the high temperature point in the cycle such that beyond a critical thermo-mechanical loading condition, the TGO exhibits tensile strain. With quantitative strain values, the findings highlight the ability of high-resolution in situ methods to address the paucity of information that exists between cycles. It further reiterates the need to establish realistic testing conditions for the better understanding of coating strains to develop methods for improving their durability.
